Microbial mineralization of urea and uric acid in poultry litter results in the production of ammonia, which can lead to decreased poultry performance, malodorous emissions, and loss of poultry litter value as a fertilizer. Despite the fact that this is a microbial process, little is known about how the microbial populations, especially ammonia-producing (ureolytic) organisms in poultry litter, respond to litter amendments such as aluminum sulfate (Al 2 (SO 4 ) 3 ·14H 2 O; alum). Th e goal of this study was to measure the temporal changes in total bacterial and fungal populations and urease-producing microorganisms in nontreated litter or litter treated with 10% alum. Quantitative real-time polymerase chain reaction was used to target the bacterial 16S rRNA gene, the fungal 18S rRNA gene, or the urease gene of bacterial and fungal ammonia producers in a poultry litter incubation study. Nontreated poultry litter had relatively high total (2.8 ± 0.8 × 10 10 cells g −1 litter) and ureolytic (2.8 ± 1.3 × 10 8 cells g −1 litter) bacterial populations. Alum treatment reduced the total bacterial population by 50% and bacterial urease producers by 90% within 4 wk. In contrast, at 16 wk after alum treatment, the fungal population was three orders of magnitude higher in alum-treated litter than in nontreated litter (3.5 ± 0.8 × 10 7 cells g −1 litter and 5.5 ± 2.5 × 10 4 cells g −1 litter, respectively). Th e decrease in pH produced by alum treatment is believed to inhibit bacterial populations and favor growth of fungi that may be responsible for the mineralization of organic nitrogen in alum-treated litters.
Eff ect of Alum Treatment on the Concentration of Total and Ureolytic Microorganisms in Poultry Litter
Kimberly L. Cook,* Michael J. Rothrock, Jr., Jason G. Warren, Karamat R. Sistani, and Philip A. Moore, Jr. USDA-ARS P oultry litter (a mixture of manure, bedding material, and feathers) is a valuable nutrient source and contains high levels of protein (up to 30% crude protein), nitrogen (N), and other minerals, including phosphorous, potassium, and calcium (Kelleher et al., 2002; Martin and McCann, 1998 ). However, a major issue with poultry litter is the loss of N as ammonia due to microbial mineralization of urea and uric acid, which represent up to 80% of the total N in poultry litter (Kelleher et al., 2002; Nahm, 2003) . Elevated ammonia in the poultry houses can cause health issues with the birds (e.g., damage to the respiratory tract, increased susceptibility to disease) and has been shown to reduce bird weight and feed effi ciency (Moore et al., 1999; Moore et al., 2000) . Ammonia volatilization also results in malodorous emissions and loss of poultry litter value as a fertilizer due to N loss.
Aluminum sulfate (Al 2 (SO 4 ) 3 ·14H 2 O; alum) addition to poultry litter has been shown to be a cost-eff ective means for reducing ammonia formation (Moore et al., 1999; Moore et al., 1995) . Alum is an acid-producing compound that inhibits ammonia production in litter by lowering pH. Hydrogen ions produced from the dissolution of alum react with ammonia to form nonvolatile ammonium (NH 4 + ), which complexes with sulfate to form ammonium sulfate Moore et al., 2000) . Moore et al. (1995) found that alum reduced ammonia volatilization by as much as 99% and doubled N retention in the litter. Broiler chickens grown on alum-treated litter were shown to be healthier (i.e., better feed effi ciency and higher growth weight) (Moore et al., 2000) , and the litter had reduced levels of pathogens (Line, 2002; Line and Bailey, 2006) and metals (Moore et al., 1998) .
Due to the abundance of urea and its precursors, poultry litter provides an ideal environment for the growth of ammoniaproducing (ureolytic) microorganisms. Deamination of urea with concomitant ammonia production is thought to result in adenosine 5′-triphosphate generation through alkalinization of the cytoplasm and the production of an electrochemical potential across the cell membrane of ureolytic organisms (Jahns, 1996; Sliekers et al., 2004; Smith et al., 1993) . Th e ability to gain energy through urea degradation may provide ureolytic organisms with a competitive advantage and unique niche in urea-rich environments like poultry litter. Despite their importance in poultry litter, however, little is known about the microbes that are responsible for the conversion of uric acid and urea to ammonia. A better understanding of the physical and environmental conditions that infl uence the activity of ureolytic organisms may aid in the development of better management strategies.
Th e decomposition of uric acid to ammonia requires the activity of two major bacterial enzymes, uricase and urease, with one of the major limiting factors being the conversion of urea to ammonia by microbial urease activity. In a recent study, Rothrock et al. (2008a) found that one novel group of organisms was associated with urease production in poultry litter. Th ese organisms occurred at high concentrations (6.0 × 10 6 to 2.4 × 10 8 cells per g litter) and were present in all sampled litters, irrespective of diff erences in bedding material or environmental conditions. In another study, Rothrock et al. (2008b) found that microbial populations in alum-treated litter were distinct from nontreated litter. Kim and Patterson (2003) found that addition of 1% or 2% ZnSO 4 to poultry manure signifi cantly reduced ammonia volatilization by inhibiting the uricase-producing microbial population. Th ese studies showed that the microbial population is a key component in ammonia production and that reducing or eliminating dominant populations may aid in reducing ammonia volatilization.
Despite these recent studies and several others (Enticknap et al., 2006; Lovanh et al., 2007; Lu et al., 2003) , relatively little is known of the microbial population dynamics in poultry litter. No studies have been conducted to evaluate the eff ect of alum treatment on microorganisms that are responsible for ammonia production in litter. Th erefore, the goal of this study was to determine how the microbial community in poultry litter responds to alum treatment. Quantitative real-time polymerase chain reaction (QRT-PCR) was used to sensitively and specifi cally target the bacterial 16S rRNA gene, the fungal 18S rRNA gene, or the urease gene of bacterial and fungal ammonia producers. Th e specifi c objectives of this study were to measure the eff ects of alum treatment on bacterial cells, fungal cells, and urease-producing microorganisms by comparing populations present in nontreated litter with litter treated with 10% alum. Th ese data were evaluated with reference to the change in pH and level of N mineralization occurring in the litter.
Materials and Methods

Experimental Design and Poultry Litter Samples
Th e experimental setup has been previously described (Warren et al., 2008) . In short, de-caked poultry litter (sawdust bedding) was collected from random locations inside a commercial broiler (Gallus gallus domesticus) house in Kentucky before the fi fth fl ock. After collection, the litter was thoroughly mixed with no further processing before adding it into triplicate plastic incubation containers for alum treatment and triplicate nontreated controls with no alum amendment (360 and 400 g litter on a dry weight basis for alum-treated and nontreated litters, respectively). Reagent-grade alum (40 g) was added to each of the triplicate alum-treated incubation containers such that the alum treatments contained 10% alum on a dry weight basis. Th is rate of alum addition is comparable to that recommended for control of NH 3 volatilization and to minimize P solubility . All containers were then vigorously shaken to ensure a homogenous mixture of poultry litter and alum. A 1-mm hole was made in the lid of each container to allow for air exchange between the headspace and the ambient atmosphere. A subsample (50 g on a dry weight basis) was removed from each chamber, representing the Day 0 samples. Th e remaining mass in the containers was brought up to a moisture content of 429 g H 2 O kg −1 of dry mass using deionized water (the initial litter moisture content was 220 g H 2 O kg −1 of dry mass), and the containers were placed in an incubator at 25°C. Incubated containers were weighed, and subsamples were removed every 4 wk for 4 mo. Th e subsamples consisted of 50 g of litter (wet weight). Twenty-fi ve grams of each of these samples was dried for 24 h at 65°C for moisture determination and ground before chemical analysis. Th e remaining 25 g was frozen at -20°C pending molecular microbial analysis.
In-House Field Trial
To determine the eff ect of alum treatment on microbial populations in poultry houses, approximately 100 g of poultry litter from four diff erent broiler houses in Arkansas were collected after the seventh fl ock. Each of the four houses had a diff erent alum amendment strategy (addition before each fl ock): House 1 received 1.2 kg alum m −2 fl ock −1 (High Dry); House 2 received 0.6 kg alum m −2 fl ock −1 (Low Dry); House 3 received 0.6 kg alum m −2 fl ock −1 as a solution containing 48.5% alum by weight (Low Liquid); and House 4 received no alum addition (None). Th ese fi nal concentrations of alum are based on the assumption that a typical broiler fl ock grown at a density of 13.5 birds m −2 would generate 12 kg moist litter m −2 (Moore et al., 1999) . Samples were taken from each house, shipped on dry ice, and frozen at −20°C until molecular analysis was performed.
Physiochemical Analysis of the Poultry Litter
Moisture was determined by drying the litter at 65°C overnight and comparing the weight before and after drying. Th e water potential of incubated litter was measured at 23°C using a dewpoint potentiometer (Model WP4; Decagon Inc., Pullman, WA). Th is instrument measures water potentials from 0 to −80 MPa with a precision of ±0.1 MPa. Water potential was obtained by placing 2 g of litter in the potentiometer chamber and allowing it to equilibrate for 5 to 10 min.
Litter pH was determined using a combination electrode (Fisher Scientifi c, Hampton, NH) at a 5:1 deionized water to litter ratio (Wolfe, 2003) . Total N and total C were determined by combustion (Watson et al., 2003) of the litter using a Vario Max CN analyzer (Elementar Americas, Inc., Mt. Laurel, NJ). Th e NH 4 -N content of litter was determined after a 1:60 litter to KCl (2 mol L −1 ) extraction (Peters et al., 2003) followed by fl ow injection analysis (FIA) using the Quickchem FIA+, method #12-107-06-2-A (Lachat Instruments, Milwaukee, WI). Th e NO 3 -N content was also assessed after this KCl extraction using Quickchem FIA+, method #12-107-04-1-B (Lachat Instruments). Th e remaining total elemental composition of poultry litter was determined using inductively coupled plasma-optical emission spectroscopy (ICP-OES) analysis after HNO 3 and HCl microwave digestion (Walter et al., 1997) . Microwave digestion was performed using in a Mars 5 Microwave (CEM Corp., Matthews, NC). Th e procedure consisted of mixing 0.5 g litter with 9 mL HNO 3 and 3 mL HCl in a Tefl on microwave digestion vessel. Th is mixture was allowed to predigest for 45 min at room temperature and was then placed in the microwave. A 6.5-min ramp time was used to achieve a digestion temperature of 175°C, which was held for 12 min. Samples were allowed to cool to room temperature and then fi ltered through a Whatman 42 fi lter before ICP-OES analysis. Total N and NH 4 -N analyses were performed on wet litter. Microwave digestion for analysis by ICP-OES was performed on litter dried at 65°C. Organic-N was estimated by subtracting the NH 4 -N and NO 3 -N values from the total N value. Organic N mineralization and total N loss were determined by mass balance. All N values were adjusted for moisture content and are reported on a dry weight basis.
Molecular Analysis of the Poultry Litter
DNA was extracted from poultry litter samples (0.3 g) using the Q-Biogene FastDNA Spin Kit for soil (Q-Biogene, Irvine, CA) according to manufacturer's specifi cations. Quantitative real-time polymerase chain reaction was used to determine the concentration of targeted groups in DNA from the poultry litter extracts, including: total bacteria (16S rRNA), total fungi (18S rRNA), bacterial urease producers common to poultry litter (PLUP-ureC), and Aspergillus-like urease producers (AL-ureC). Th e primers and probes (if necessary) used in all of the assays are shown in Table 1 . All QRT-PCR assays were run on the DNA Engine Opticon 2 (MJ Research, Inc., Waltham, MA) in a total volume of 25 μl.
Quantitative real-time polymerase chain reaction analysis of 16S rRNA copies was performed as previously described (Harms et al., 2003) using the Qiagen HotStarTaq Master Mix (Qiagen, Valencia, CA). Th e amplifi cation mixture contained 3.0 nmol L −1 MgCl 2 , 600 nmol L −1 of each primer, 200 nmol L −1 of probe, and sample DNA or standard (from 10 2 to 10 8 copies). Th e QRT-PCR program was 15 min at 95°C, 39 cycles at 95°C for 15 s, 58°C for 45 s, and 72°C for 45 s. Cell concentrations were calculated by dividing the copy number per g litter by 4.0, which was the average copy number of 16S rRNA genes per cell (Klappenbach et al., 2001 ).
Quantitative real-time polymerase chain reaction analysis of 18S rRNA copies was performed using previously described fungal specifi c primers (Vanio and Hantula, 2000) using the QuantiTect SYBR Green PCR kit. Th e amplifi cation mixture contained 300 nmol L −1 each primer, sample DNA, or standard (10 1 to 10 8 copies). Th e QRT-PCR program was 15 min at 95°C, followed by 30 cycles of 95°C for 30 s, 50°C for 45 s, and 72°C for 60 s. Because the SYBR Green dye binds to all double-stranded DNA, a melting curve was performed after the reaction to ensure proper amplifi cation had occurred. Th e melting curve parameters were temperatures ranging from 55 to 90°C, with reads every 0.2°C after a 1-s hold. Total fungal cell concentrations were calculated by dividing the copy number per gram of litter by the estimated average copy number of fungal 18S genes per cell (reported to be between 50 and 200 copies, 100 copies used here; Haugland et al., 1999; Ganley and Kobayashi, 2007) . Quantitative real-time polymerase chain reaction analysis of the dominant bacterial urease producers in poultry litter (PLUP-ureC) was performed as previously described (Rothrock et al., 2008a) . Quantitative real-time polymerase chain reaction assays were performed using the Qiagen HotStarTaq Master Mix. Th e amplifi cation mixture contained 3.0 mmol L −1 MgCl 2 , 300 nmol L −1 of each primer, 200 nmol L −1 of probe, and sample DNA or standard (from 10 1 to 10 8 copies). Th e QRT-PCR program was 15 min at 95°C followed by 35 cycles at 95°C for 20 s and 63°C for 20 s. Total cell concentrations were calculated by dividing the copy number per gram of litter by 1.5, which was the average number of copies of the ureC gene per cell (Koper et al., 2004) .
Fungal Urease PCR, QRT-PCR Primer Design, and Optimization
Previous microbiological work on these poultry litter samples showed that Aspergillus sp. increase in alum-treated poultry litters (Rothrock et al., 2008b) . Aspergillus sp. urease-specifi c primers were created to target this group from the poultry litter by aligning the urease sequences from fi ve Aspergillus sp. urease sequences obtained from the GenBank database (A. , 2004) . Two primers from generally conserved regions fl anking a 715-bp region of the urease gene were created: AS-U F (5′-ATG CGC CAG ATG ATC CAG GC-3′) and AS-U R (5′-GAG ATG GC{C/T} GGG TTG ATG GT-3′).
Aspergillus sp. urease genes were specifi cally amplifi ed from the community DNA extract using the AS-U F/R primer set using the following thermocycling conditions: 95°C for 15 min followed by 35 cycles of 95°C for 15 s, 61°C for 45 s, and 72°C for 45 s, with a fi nal extension of 72°C for 10 min. Sequences were amplifi ed using Qiagen HotStarTaq Master Mix, with 800 nmol L −1 of each primer and 1 to 10 ng of template DNA from the genomic extracts of poultry litter. Polymerase chain reaction products were cloned into the pCR2.1-TOPO plasmid using a TOPO TA Cloning Kit (Invitrogen, Carlsbad, CA) according to manufacturer's specifi cations and sent to the USDA-ARS MSA Genomics Laboratory (Stoneville, MS) for sequencing.
Aspergillus-like urease clone sequences (n = 20) were aligned using MEGA v3.1, and QRT-PCR primers (ALU 139 F and ALU 139 R) were designed (Table 1) . Quantitative real-time polymerase chain reaction analysis of Aspergillus-like urease copies was performed using primers ALU 139 F/R and the QuantiTect SYBR Green PCR kit. Th e amplifi cation mixture contained 300 nmol L −1 each of primer, sample DNA, or standard (10 1 to 10 8 copies). A temperature gradient (55-65°C) was initially used to determine the optimum annealing temperature for the assay. Th e QRT-PCR program was 15 min at 95°C, followed by 30 cycles of 95°C for 30 s and 56°C for 45 s. A melting curve (50-90°C, with reads every 0.2°C after a 1-s hold) was performed after the reaction to ensure proper amplifi cation. Total cell concentrations were used as the copy number per gram of litter because there is an average of one copy of the urease gene per eukaryotic cell (Witte et al., 2005) .
Results
Total Bacterial and Fungal Cell Concentrations
At start-up, total bacterial cell numbers, as determined by 16S rRNA QRT-PCR, were 2.8 ± 0.8 × 10 10 cells g −1 litter. In nontreated litter (no alum added), bacterial cell numbers increased threefold within 4 wk of incubation (7.2 ± 1.9 × 10 10 cells g −1 litter on Day 28) (Fig. 1A) . Total bacterial cell numbers remained twofold higher than start-up concentrations for 12 wk but were back to initial cell concentrations after 16 wk.
In alum-treated litter, bacterial cell numbers decreased by 50% within 4 wk, and after 16 wk of incubation the population had still not returned to initial cell concentrations (7.2 ± 1.9 × 10 9 cells g −1 litter by week 16) (Fig. 1A) . In fact, by week 12, the concentration of cells in alum-treated litter was over 90% lower than in nontreated litter (4.2 ± 0.86 × 10 10 versus 3.0 ± 1.0 × 10 9 cells g −1 litter in nontreated and alumtreated poultry litter, respectively).
Initially, total fungal cell numbers, as determined by 18S rRNA QRT-PCR, were 2.6 ± 1.0 × 10 6 cells g −1 litter. In contrast to bacterial cell populations, fungal cell numbers decreased by more than 95% during the incubation of nontreated litter (2.0 ± 0.49 × 10 6 cells g −1 litter at week 0 to 5.5 ± 2.5 × 10 4 cells g −1 litter after 16 wk of incubation; Fig. 1B ). In alum-treated litter, fungal cell numbers increased almost two orders of magnitude within 4 wk (3.1 ± 1.2 × 10 6 cells g −1 litter at week 0 to 1.1 ± 0.61 × 10 8 cells g −1 litter after 4 wk of incubation). Th ese numbers remained over 1 log higher than initial fungal cell concentrations until the end of the experiment at 16 wk.
Urease-producing Bacteria and Fungi
Concentrations of poultry litter urease-producing bacteria were 2.9 ± 1.3 × 10 8 cells g −1 litter at the beginning of the experiment. Th is population represented approximately 1% of the total bacterial population in the initial litter samples. In nontreated litter, concentrations increased within 4 wk of incubation but dropped by more than two orders of magnitude by 8 wk (Table 2 ). In alum-treated litter, concentrations of urease-producing bacteria decreased by more than one order of magnitude within 4 wk and remained low or below detection limits until the end of the experiment.
New primers were developed to target urease-producing fungal populations that were similar to Aspergillus sp. Using QRT-PCR in conjunction with Aspergillus standards containing known copies of the urease gene target, it was possible to quantify concentrations in alum-treated and nontreated litter. Data show that fungal urease from Aspergillus was below detection limits in nontreated litter. Alum-treated litter had no detectable fungal urease-producing cells at the start of the experiment, but by week four concentrations reached >1.0 × 10 7 cells g −1 litter, where they remained until the end of the experiment (Table 2 ). Th erefore, alum eliminated bacterial urease-producers but selected for fungal urease-producers.
Physiochemical Transformations in Incubated Litter
Organic N initially represented approximately 92% of the total N in poultry litter used in this laboratory incubation (Table 3). Mineralization of this organic N occurred more rapidly in nontreated litter than in alum-treated litter ( Fig. 2A) . Within 4 wk, 33% of organic N was mineralized in nontreated litter, whereas only 10% of organic N was mineralized in alum-treated litter. By 8 wk, the net mineralization stabilized in alumtreated litter at approximately 33% of the initial organic N.
Loss of N from the nontreated litter was most rapid during the fi rst 4 wk of incubation, during which 20% of the total N was lost. Continued incubation of nontreated litter resulted in 26% of the total N being lost. In contrast to the nontreated litter, the alum-treated litter lost only 3% of its total N during the fi rst 4 wk of incubation. At 8 wk, the alum-treated litter had lost 10% of its total N, with only minor losses occurring during the last 8 wk of the incubation.
Th e pH of the nontreated litter was above 7.8 for the duration of the incubation study (Table 4) . Th e NH 4 -N concentration did not exceed 9700 mg NH 4 -N kg −1
. In contrast, the NH 4 -N concentration in the alum-treated litter exceeded 19,000 mg NH 4 -N kg −1 at 8 wk. Th ese elevated NH 4 -N concentrations in the alum-treated litter compared with those found in the nontreated litter likely resulted from its higher moisture content, its lower pH, and the interaction between the NH 4 -N and SO 4 , all of which would limit the loss of N through NH 3 volatilization.
Th e alum-treated litter generally contained a higher moisture content and water potential throughout the incubation (Table 4) . Th e higher moisture content at and beyond 4 wk was the result of more rapid loss of dry mass in the alum-treated litter. In fact, the alum-treated litter lost 30.5% of its dry mass at 8 wk compared with 18.4% in the nontreated litter (Table 4) . Continued dry mass loss in the nontreated litter resulted in a total weight loss of 27.8%, compared with 34.2% in the alumtreated litter at 16 wk. Th is loss of dry mass was not accompanied by a net loss of water; the alum-treated and nontreated litter treatments experienced net water gains of 20 and 10.7%, respectively. Th is apparent gain in water content is most likely a product of microbial respiratory activity resulting from metabolic activity occurring in both litter treatments (White, 1995) .
Field Trial
Select physiochemical properties of poultry litter collected from the fi eld trial are presented in Table 5 . Th e concentrations of NH 4 -N and total N were generally larger in the litter treated with alum, and the pH was lower compared with the nontreated litter.
Bacterial and fungal cell numbers were compared in poultry litter taken from production houses following seven successive broiler fl ocks. Th e houses received high, low, or no alum amendment in dry or liquid form before the beginning Rothrock et al. (2008a) . ‡ Fungal ureC determined by Sybr Green quantitative real-time polymerase chain reaction.
§ Values in parentheses are SDs of the means. ¶ BD, below the detection limit of 100 copies UreC. of each fl ock production cycle. Bacterial cell numbers were similar in all litter samples regardless of treatment (Table 6 ). Fungal cell numbers were higher than bacterial cell numbers in alum-treated litter (60-80%) and in nontreated litter (30%). Fungal cell concentrations were between 1.5 and 3 times higher in houses that received alum-treated litter than in the house that had no alum amendment (Table 6 ).
Discussion
In fresh poultry manure, 60 to 80% of N is in the organic form (i.e., urea and uric acid), making it a valuable and rich source of nutrients for crop production (Kelleher et al., 2002; Ritz et al., 2004) . However, conversion of N found in uric acid and urea to volatile ammonia reduces the value of poultry litter as a fertilizer and has a negative impact on bird health and productivity. More than half of the N in chicken litter can be lost as ammonia due to microbial activity (Brinson et al., 1994; Moore et al., 1995) . In the absence of the microbial population, however, little to none of the organic N is converted to ammonia (Dalton et al., 1985) . Th erefore, controlling the population of ammoniaproducing microorganisms in poultry litter is crucial for retaining organic N in the litter (Kim and Patterson, 2003) .
Although NH 3 volatilization was not measured in this study, it was likely the dominant mechanism of loss. Previous research has shown that during simulated storage, NH 3 volatilization accounted for approximately 90% of the total N lost (Cabrera and Chiang, 1994) . Additionally, the initial NO 3 -N concentration in the litter was 85 mg N kg −1 , which declined to below detection during the 16-wk incubation. Assuming that denitrifi cation was responsible for this decline, the loss of this NO 3 -N would represent only 0.2% of the initial total N. Data from this study show that poultry litter has a dense microbial fl ora (2.8 ± 0.8 × 10 10 cells g −1 litter) that includes a naturally occurring population of urease-producing organisms (around 1% of the total). Th erefore, poultry litter is replete with a bacterial community capable of effi cient utilization of urea and uric acid. High concentrations of ammonia-producing bacteria in poultry litter may explain the rapid rates of N mineralization reported by Gale and Gilmour (1986)-183 and 135 g N (kg N) −1 for poultry litter consisting of pine shavings and wheat straw, respectivelyand the rapid rate of ammonia volatilization of 352 mg N kg
reported by Moore et al. (1995) . Th e concomitant increase in bacterial cell numbers (25% increase in urease-producing bacteria) further suggests that the urea within the litter is being used as a carbon source for microbial growth. Th e fi nding of Rothrock et al. (2008a) that one group of ureolytic organisms is dominant in the litter is surprising, especially because urease production is widespread in nature (Mobley and Hausinger, 1989) . However, poultry litter represents an ideal niche for urea degraders, and it is possible that one group may have become dominant due to favorable physical and environmental conditions. Adding alum to poultry litter decreased the concentration of total and urease-producing bacteria. Previous studies have shown that when added at 10%, alum eff ectively reduces ammonia emissions from poultry litter for 3 to 4 wk, the period in which ; Low treatment received 0.6 kg alum m −2 . ‡ NH 4 -N, total N, total C, and moisture are presented on a dry weight basis. the chicks are most sensitive to ammonia (Moore et al., 1999; Moore et al., 2000) . Alum lowers the pH of the litter, resulting in the conversion of uncharged ammonia to NH 4 + , which is nonvolatile and is therefore retained in the litter (Moore et al., 1999) . Data from this study suggest that alum also reduces the total bacterial population (50% within 4 wk) (Fig. 1A) and has a dramatic eff ect on urease producers (Table 2 ). In fact, concentrations of urease-producing bacteria decreased below detection limits early in the study and remained undetectable for the duration. Th is reduction in bacterial concentrations occurred despite a generally higher water potential in the alum-treated litter. Th e initial low pH is most likely responsible for this eff ect in alum-treated litter because alum addition has been found in other studies to inhibit nitrifi ers, fecal coliforms, and pathogens in poultry litter (Gandhapudi et al., 2006; Line, 2002; Line and Bailey, 2006) . Th e more rapid reduction in the concentration of bacterial urease seems to explain the delay in N mineralization observed in the alum-treated litter ( Fig. 2A) .
Although delayed, the total organic N mineralization in the alum-treated litter was equivalent to that found in the nontreated litter ( Fig. 2A) . Th is organic N mineralization in alum-treated litter occurred concomitant with an increase of more than two orders of magnitude in fungal cells (Fig. 1B) . In fact, fungal urease was absent in nontreated litter, but concentrations were greater than 1 × 10 7 cells g −1 in alum-treated litter by week 4 of the experiment (Table 2) . Data from a previous study showed that Aspergillus sp. became the dominant fungi in poultry litter incubated with alum (50% of fungal clone sequences) (Rothrock et al., 2008b) . Proliferation of fungal urease producers may explain why N mineralization occurred later in the incubation of alum-treated litter ( Fig. 2A) .
Although the total organic N mineralized in the alumtreated litter was equivalent to that in the nontreated litter, only 10% of the total N was lost from the alum-treated litter compared with a loss of 26% in the nontreated litter. Th is is evidence that alum addition not only delays organic N mineralization but also limits NH 3 volatilization. In fact, there was three times more NH 4 -N than in nontreated litter (Table  4) . Th is increased NH 4 -N concentration is consistent with previous research and results from reduced NH 3 volatilization due to lower pH and the interaction of NH 4 with SO 4 in alum-treated poultry litter (Gilmour et al., 2004; Moore et al., 1995; Sims and Luka-McCaff erty, 2002) .
In poultry litter samples from a farm-site with litter receiving high, low, or no alum, the trend toward higher fungal populations was the same (up to three times greater fungal concentration in houses receiving alum) (Table 6 ). Bacterial cell numbers were not lower in houses treated with alum; this is in contrast to the incubation study in which cell numbers were consistently more than 50% lower in alum-treated litter than in nontreated litter. It is also noteworthy that Aspergillus-like urease-producing fungi were not present in any of the samples taken from the farm site (data not shown). Th erefore, a diff erent population of fungal urease producers may have been present in those samples. Th e less dramatic increase in the fungal population in the fi eld trail may be caused by a reduction in the eff ective duration of alum in a poultry house where there is a continuous re-supply of excrement. Furthermore, the container study likely provided a more consistently favorable environment for microbial activity, with a constant temperature and more moist litter conditions. Th e water potential in litter collected in the fi eld study ranged from −14.6 to −22.4 MPa (Table 5) , which is lower than that found in the incubation experiment. However, the data from the fi eld study and from the container study suggest that fungi may play an important role in the conversion of urea and uric acid to NH 4 -N in alum-treated poultry litter, and multiple fungal species may be responsible for urease production.
Environmental conditions in alum-treated poultry litter (lower pH and high N concentration) selected for a fungal microbiota, which produced ammonia from urea and uric acid. Th e increase in the fungal population is likely associated with their ability to grow at lower pH values. It is well known that fungi are favored in acidic environments, and many fungal media are formulated with low pH to select against bacteria (Ruess and Lussenhop, 2005) . In nontreated poultry litter, bacteria were likely selected over fungi because the environmental conditions (high microbial biomass, high pH, and moderate temperatures) were ideal for bacterial proliferation. Additionally, there was a concentrated population of total and urease-producing bacteria that was capable of an immediate and strong response when conditions become conducive to N mineralization in nontreated litter. Th e delay observed in organic N mineralization in alum-treated poultry litter may be due to the selection for the less dominant, slower-growing fungal population. Our data show that the fungal biomass was very low in nontreated poultry litter. Th is is also supported by the denaturing gradient gel electrophoresis analysis performed by Rothrock et al. (2008b) , which showed a distinct shift to fungal populations in alum-treated poultry litter. Th e delay in mineralization of N suggests that the fungal population had to develop from low initial concentrations. Results of the present study support the hypothesis that a shift in pH inhibited the bacterial population and favored fungal organisms that may be responsible for the mineralization of urea/uric acid observed in alum-treated litters.
Attempts to inhibit ammonia release generally focus on inhibiting the microbial population responsible for mineralization of urea/uric acid or neutralizing the ammonia after its formation to prevent its release (Moore et al., 1999) . Results of the present study suggest that alum reduces ammonia emissions by biological (inhibition of ureolytic microorganisms) and chemical means (conversion of NH 3 to NH 4 -N). Th is may explain why alum eff ectively reduces ammonia emissions. In a low-pH, high-N environment where bacteria are inhibited, proliferation of fungi is not surprising and may explain the similarity in net N mineralization in nontreated and alum-treated poultry litter, despite the inhibition of the bacterial population by alum addition. Future studies should be focused on reducing the fungal population in alum-treated poultry litter in an eff ort to determine if this would eff ectively eliminate N conversion in alum-treated litters. research was part of USDA-ARS National Program 206: Manure and By-product Utilization. Mention of a trademark or product anywhere in this paper is to describe experimental procedures and does not constitute a guarantee or warranty of the product by the USDA and does not imply its approval to the exclusion of other products or vendors that may also be suitable.
